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Abstract 


In this paper, we developed a new tester by modifying the jigs and the control system of conventional pin-on-disc apparatus. The friction and wear 
characteristics of aluminum-stainless steel composite conductor rail and collector shoe used in subway third rail traction system were investigated 
on the tester with an electrical current applied across the sliding interface. The friction coefficient and wear volume loss were compared, and the 
morphologies of worn surfaces were observed and analyzed by means of scanning electron microscope and energy dispersive X-ray spectroscopy. 
Wear mechanisms with electric current were analyzed, and results were discussed based on electric contacts theory. Experiment results show that 
a threshold value of normal stress exists in friction and wear with electric current. If normal stress is larger than or equal to the threshold value, 
friction coefficients increase with the increasing of electric current, wear volume losses increase slightly with the increase of normal force, and 
contact resistance heat enhances mechanical wear. Further, if normal stress is smaller than the threshold value, friction coefficients decrease with 
the increasing of electric current, wear volume losses increase intensely with the decreasing of normal force, and arc heat induces arc erosion. 
Sliding wear with adhesion and abrasion are the major wear mechanisms of the frictional pair, but the material volume loss caused by arc erosion 
is much larger than those caused by the two kinds of wear mechanisms. For a certain velocity of train, the threshold value is an optimum normal 
stress. Working under the stress, mechanical wear and arc erosion are all much less, which makes electrical power supply stable and wear volume 


loss lower. 
© 2007 Elsevier B.V. All rights reserved. 
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1. Introduction 


Subway is a rapid transportation system, which is a sym- 
bol of high efficiency, environment protection, and energy 
conservation in modern metropolises. Third rail traction sys- 
tem uses a conductor rail to transmit electrical power to train 
in subway. Fig. la shows a working scheme of DC third 
rail traction system, where the current rail is parallel to the 
two running rails. The conductor rail is normally at posi- 
tive potential and is mounted on the insulator. Third rail has 
varieties of contact systems, Fig. 1b shows the top contact 
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system, in which the collector shoe slides on the top of third 
rail and current is collected by train through collector shoe. 
Modern aluminum-stainless steel composite conductor rail is 
a rolled thin section of stainless steel around the top of an 
extrude aluminum body, and has a number of advantages over 
traditional all-steel conductor rail such as high electrical con- 
ductivity, corrosion resistance, low density, etc., which make it 
increasingly used in fast transportation system of many coun- 
tries. 

The objective of this paper is to investigate the wear charac- 
teristics of aluminum-stainless steel composite conductor rail 
sliding against current collector, and acquire a better understand- 
ing of the mechanism of friction and wear with electric current. 
For these purpose, the authors developed a test apparatus and 
performed a number of tests under different normal forces with 
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Fig. 1. Third rail traction system: (a) working scheme of third rail and (b) 
aluminum-stainless steel composite conductor rail and collector shoe in top 
contact system. 
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and without electric current. This research will present some 
useful test results. 


2. Experimental work 
2.1. Test rig 

Several investigators constructed test machine systems for 
research on sliding wear with electrical current [1-5]. In this 


investigation, a similar tester was developed by modifying the 
jigs and control system of conventional pin-on-disc apparatus. 


Fig. 2. Test rig: (a) main structure of tester, (b) ring specimen and (c) testing 
condition (A, load shaft; B, upper insulating layer; C, upper assembling jig; 
D, pin holder; E, adjustable electrical resistance; F, conducting wire; G, power 
source; H, floating holder; I, electrical brush; J, ring specimen; K, pin specimen; 
L, lower assembling jig; M, lower insulating layer; N, high speed spindle). 


Table 1 

Chemical composition (wt%) of stainless steel strip 

Cr Si Cc S Fe 

18 <0.75 <0.12 <0.03 Balance 


The structure of the tester is schematically shown in Fig. 2a, 
which is a kind of pin-on-slip ring design. One pin [Fig. 2a (K)] 
slides over the surface of the revolving ring [Fig. 2a (J)]. The test 
jigs [Fig. 2a (L and D)] clamp the stainless steel strip [Fig. 2a 
(J)] and collector shoe specimens [Fig. 2a (K)] on the tester, 
respectively. Driven by a voltage-modulated power supply, a 
high speed spindle [Fig. 2a (N)] is employed to provide the high 
sliding speed in the test. A speed sensor is used to monitor the 
spindle speed. The friction forces between the pin and ring spec- 
imens are detected by a force sensor and the signal is output to 
an amplifier and recorder dynamically. Insulating layers [Fig. 2a 
(B and M)] are designed to keep insulating between load shaft 
[Fig. 2a (A)] and upper assembling jig [Fig. 2a (C)], high speed 
spindle [Fig. 2a (N)] and lower assembling jig [Fig. 2a (L)]. The 
power source [Fig. 2a (G)] generates low voltage direct current 
to across the sliding interface of the frictional pair, with stain- 
less steel strip specimen as anode and collector specimen as 
cathode. The normal forces for the test are applied by weights. 
The material volume loss of pin is measured by a dial guage 
(resolution 0.01 mm) equipped on the tester. Fig. 2c shows the 
working condition of the tester. 


2.2. Materials and experimental parameters 


The slip ring specimen (Fig. 2b) was made of stainless steel 
strip from a commercial aluminum-stainless steel composite 
conductor rail. The strip was cut into twelve pieces with the 
shape of trapezium by linear cutting machine, then grinded and 
accurately assembled onto lower assembling jig [Fig. 2a (L)] 
with 276 mm in external diameter, 208 mm in inner diameter, and 
5mm in thickness. The chemical composition of the stainless 
steel strip listed in Table 1. 

A commercial current collector shoe was machined into pin 
by linear cutting machine with 10 mm in diameter and 24 mm in 
length. The pin is copper-impregnated metallized carbon mate- 
rial with the chemical composition (wt%) 61.4 C, and balance 
Cu. The hardness of ring and pin are 173 HV299 and 36 HRC, 
respectively. Before test, the specimens were polished by abra- 
sive paper (grade 1200) and cleaned by alcohol. 

In the test, the sliding velocity Vis 50 km/h and the duration 
of each test is 2h. The normal forces F were selected to be 20, 
30, 40, 50, 60, 70 and 80N and electric current J were selected 
to be 20 and 50 A. 


3. Results 
3.1. Coefficient of friction 


Fig. 3 shows friction coefficients changing with time under 
different normal forces and electric currents. When normal force 
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Fig. 3. Variations of friction coefficients with time: (a) F=80 N; (b) F=70N; (c) F=60N; (d) F=SON; (e) F=40N; (f) F=30N; (g) F=20N. 


is larger than or equal to 50N, final stable friction coefficients 
increase slightly with the increasing of electric current. Other- 
wise, friction coefficients decrease largely with the increasing 
of electric current. 

Fig. 4 presents friction coefficients changing with normal 
forces under different electric currents. Friction coefficients 
decrease with the increasing of normal forces without electric 
current, but friction coefficients always increase with the increas- 
ing of normal forces with electric current. Friction coefficients 
change intensely when normal forces are less than 50 N. 


3.2. Wear volume loss at a constant sliding time 


The wear volume losses of pin under different test con- 
ditions are in shown in Fig. 5a. The losses with electric 


current are larger than those without electric current. Wear vol- 
ume losses increase slightly with the normal force increasing 
from 50 to 80 N. However the volume losses increase largely 
with the normal force decreasing from 40 to 20N, in these 
cases, electric arc and spark were observed at the interface 
of the frictional pair in test. To show Fig. 5a more clearly, 
the relations in these two regions are plotted separately in 
Fig. 5b and c. When normal force is 50N, the wear vol- 
ume losses are least during friction and wear with electric 
current. 


3.3. SEM observation and analysis of the worn surfaces 


We observed worn surface by scanning electron microscope. 
Fig. 6a and b are the mophology of stainless steel strip spec- 
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Fig. 4. Friction coefficients under different normal forces and electric currents. 


imen, and Fig. 6c and d are the mophology of collector shoe 
specimen at 50 km/h velocity, 20 N normal force, and 50 A cur- 
rent. After sliding against the collector shoe, the worn surface 
of stainless steel strip was adhered with black layer. Small elec- 
tric arc erosion craters and molten droplets were also observed 
on some areas of stainless steel strip surface. The worn sur- 
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Fig. 5. Wear volume loss of pin specimen under different normal forces and 
electrical currents: (a) F= 20-80 N; (b) F = 50-80 N; (c) F=20-50N. 


face of stainless steel strip show the characterics of adhesion 
mechanism. 

In Fig. 6c and d, itis seen that there are many plowing grooves 
and wear debris with the shape of flakes in the direction of slid- 
ing. The appearance of worn collector shoe surface indicated 
abrasion mechanism. 


3.4. EDX analysis of the worn surfaces 


Fig. 7a shows energy dispersive X-ray spectroscopy of worn 
stainless steel strip, which shows strong Fe, Cr, Cu, O, C, S peaks, 
and weak Si peak. C peak is much stronger than origin C peak 
of stainless steel strip. Cu is a new element, which is transferred 
from the collector shoe specimen. In Fig. 7b, the strong C, Cu 
peaks and the weak Fe, S, O and Si peaks are found on the 
surface of collector shoe, these weak peaks element are come 
from stainless steel strip. Oxidation can also be proved by the 
existence of O peak. 

EDX analysis proved the surface of stainless steel strip 
specimen is adhered with black worn carbon particles 
and molten metal droplets. These strengthen worn particles 
lead to apparent abrasion on the surface of collector shoe 
specimen. 


4. Discussion 


In the test under different normal forces with and without cur- 
rent, the tested materials presented different friction and wear 
behaviors. The results from Fig. 3a-g indicate that a threshold 
value of normal stress exists in friction and wears with electric 
current. The threshold value is 0.64 MPa, which corresponded 
to normal force 50N, and contacting area 78.5 mmĉ. The dif- 
ference between normal stress and threshold value decided 
the increasing or decreasing of friction coefficients with the 
increasing of current and the increasing degrees of wear volume 
losses. 

It is known that the role of the sliding electric contact is 
releasable junction between the frictional pair which is apt to 
carry electric current and transfer charge across a mechanical 
contact interface. Friction and wear between third rail and collec- 
tor shoe with electric current is mainly attributed to interaction 
between asperities of the frictional pair, when electric circuits 
is frequently connection and disconnection. Based on electric 
contacts theory [6], area of electric contacts and scheme of differ- 
ent electric contacting conditions are showed in Fig. 8. Current 
flow between tips of frictional pair is constricted to the narrow 
metal-to-metal contacts area, named as “a-Spots”, any electri- 
cal contact is believed to contain some number of “a-Spots”. In 
Fig. 8a, electric conduction area Ae is the sum areas of “a-Spots”, 
and Ae is only a very small fraction of real contact area A;, which 
is significantly much smaller than apparent contact area An 
[7-8]. 

Fig. 8b is a scheme of different electric contacting condi- 
tions. Assuming the minimum distance of electric discharge 
is a critical distance, when the distance of the contact tips 
is smaller than the critical distance, the contact is resistance 
contact [Fig. 8b, I (line to line), II (point to line), III (point 
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Fig. 6. SEM photos of worn surface at V=50 km/h, F=20N, J=50 A: (a and b) worn surface of stainless steel strip specimen; (c and d) worn surface of collector 


shoe specimen. 


to point)], otherwise it is capacitance contact [Fig. 8b, IV, 
V, VI]. So the model of electric circuit in friction and wear 
with current was concluded in Fig. 9, which is composed of 
countless minute parallel connected resistances and capaci- 
tance. 

According to Fig. 8 and the model in Fig. 9, with the increas- 
ing of normal stress, this corresponds to an increase in A;, and 
then increased the proportion of A, in An [9]. With the increasing 
of Ac, contact resistance decreases and the influence of contact 
resistance heat is reduced, however mechanic wear increases. 
As shows in Figs. 3-5, if the normal stress is larger than or 
equal to the threshold value, contact resistance heat enhances 
adhesion at the contact interface [10], then increases the fric- 
tion force, thus wear volume loses are lightly larger than those 
without electric current. In the condition, the main material 
loss mechanism is contact resistance heat enhanced mechanical 
wear. 

Further, if the normal stress is smaller than the threshold 
value, A, decreased, some close circuit changes to open cir- 


cuit, then inductances induce rising of the contacting voltage. 
When contacting voltage is larger than minimum arc voltage, 
air molecules ionized and current flows via ions in air, then 
electric arc and spark appear [5]. The temperature of con- 
tact area rises abruptly and flash temperature induces material 
molten [11-12], then arc erosion craters and molten metal 
appear on the worn surface. Between asperities of the fric- 
tional pair, decreased tangential force induced the decreasing 
of friction force, and wear volumes loss increases largely, even 
as what we have already seen in Figs. 3-5. In the condi- 
tion, the main material loss mechanism is arc heat induced arc 
erosion. 

During electrical contact sliding, total material loss is the 
sum of loss in mechanical wear and in electric arc erosion. In 
the present test, 0.64 MPa is an optimum value in the selected test 
parameters. Under the stress, mechanical wear and electric arc 
erosion are all much less, which keep the third rail and collector 
shoe working in good condition. These results are valuable in 
engineering application. 
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Fig. 7. EDX analysis: (a) stainless steel strip specimen; (b) collector shoe spec- 
imen. 
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Fig. 8. Electric contact scheme: (a) area of electric contacts; (b) different electric 
contacting conditions. 


OS® 


Fig. 9. Model of electric circuit in friction and wear with current. 
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5. Conclusions 


The main conclusions drawn from the experimental study 
may be summarized as follows: 


1. Experiment results show that a threshold value of normal 
stress exists in friction and wear with electric current. The 
threshold value is related to the variation of friction coeffi- 
cients, the increasing degrees of wear volume losses, and the 
main mechanism of material loss. 

2. Sliding wear with adhesion and abrasion are major wear 
mechanisms of aluminum-stainless steel composite conduc- 
tor rail sliding against collector shoe with electric current. 
The material volume loss caused by electric arc erosion is 
much larger than those caused by mechanic wear. 

3. For a certain velocity of train, the threshold value of normal 
stress is an optimum normal stress, which keeps not only elec- 
trical power supply stable but also wear volume loss lower 
and railway running safe and economic. 
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